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Upon reaching their intermediate target, the floor-
plate, commissural axons acquire responsiveness
to repulsive guidance cues, allowing the axons to
exit the midline and adopt a contralateral, longitudi-
nal trajectory. The molecular mechanisms that regu-
late this switch from attraction to repulsion remain
poorly defined. Here, we show that the heparan
sulfate proteoglycan Glypican1 (GPC1) is required
as a coreceptor for the Shh-dependent induction of
Hedgehog-interacting protein (Hhip) in commissural
neurons. In turn, Hhip is required for postcrossing
axons to respond to a repulsive anteroposterior
Shh gradient. Thus, Shh is a cue with dual function.
In precrossing axons it acts as an attractive guidance
molecule in a transcription-independent manner. At
the same time, Shh binds to GPC1 to induce the
expression of its own receptor, Hhip, whichmediates
the repulsive response of postcrossing axons to Shh.
Our study characterizes a molecular mechanism by
which navigating axons switch their responsiveness
at intermediate targets.
INTRODUCTION
During neural circuit formation, axons must navigate along ste-
reotypical pathways in order to connect appropriately with their
targets. Along these pathways, they contact one or several inter-
mediate targets, at which they change their responses to guid-
ance cues. The floorplate at the ventral midline serves as an
intermediate target for dorsal commissural (dI1) neurons of the
spinal cord. Commissural axons grow toward and across the
floorplate and then make a sharp turn into the longitudinal axis
and grow rostrally along the contralateral floorplate border (Che´-
dotal, 2011). The initial ventral trajectory of dI1 axons is directed
by a collaboration between repulsive, roofplate-derived Draxin
(Islam et al., 2009) and BMPs (bone morphogenetic proteins;
Augsburger et al., 1999) as well as the floorplate-derived attrac-
tants Sonic hedgehog (Shh; Charron et al., 2003) and Netrin-1
(Kennedy et al., 1994). Floorplate crossing is mediated by the
short-range guidance cues Contactin2 (also known as Axonin1478 Neuron 79, 478–491, August 7, 2013 ª2013 Elsevier Inc.or TAG-1) and NrCAM (Stoeckli and Landmesser, 1995). Upon
reaching the floorplate, dI1 axons lose responsiveness to the
attractive cues and gain responsiveness to repulsive cues,
including Semaphorins and Slits (Zou et al., 2000; Nawabi
et al., 2010). A variety of guidance cues have been implicated
in postcrossing axon guidance: in addition to the cell-adhesion
molecules SynCAMs (Niederkofler et al., 2010) and MDGA2
(Joset et al., 2011), morphogens of the Wnt family (Lyuksyutova
et al., 2003; Domanitskaya et al., 2010) and Shh (Bourikas et al.,
2005; Yam et al., 2012) have been identified.
Although it is clear that axons dramatically change their guid-
ance properties upon crossing the midline, the molecular mech-
anisms underlying this change in responsiveness remain poorly
defined. One molecule, Shh, is not only an attractant for pre-
crossing commissural axons but is also a repulsive guidance
cue for postcrossing commissural axons. Thus, at the intermedi-
ate target, the axonal response to Shh switches from attraction
to repulsion.
The chemoattractive activity of Shh is mediated by Smooth-
ened (Smo) and Boc (Charron et al., 2003; Okada et al., 2006),
whereas the repulsive activity of Shh is mediated by Hedge-
hog-interacting protein (Hhip) (Bourikas et al., 2005). However,
it is unknown how this receptor switch is achieved. Here, we
demonstrate a role for the heparan sulfate proteoglycan
(HSPG) Glypican1 (GPC1) in the transcriptional activation of
the Shh receptor Hhip and thus its regulatory role in converting
the Shh responsiveness of commissural axons from attraction
to repulsion.RESULTS
GPC1 Mediates Commissural Axon Guidance
Glypicans are GPI-anchored HSPGs that have been implicated
in morphogen signaling in invertebrates and vertebrates (Filmus
et al., 2008). The six family members found in vertebrates have
been subdivided into two classes with different, often opposite
effects on morphogens. Whereas GPC3 was found to inhibit
Shh signaling, the GPC1 ortholog Dally-like was found to be a
positive regulator of hedgehog signaling (Beckett et al., 2008).
Based on its expression in dI1 commissural neurons and in the
floorplate (Figures 1A and 1B), GPC1 was a good candidate as
a regulator of Shh activity. Of the six GPCs expressed in chick,
onlyGPC1was found in mature commissural neurons (Figure S1
available online).
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axons, we performed unilateral knockdowns by in ovo electropo-
ration of plasmids expressing artificial microRNAs (miRNAs) (Fig-
ures 1C and S2) (Wilson and Stoeckli, 2011). Knockdowns were
performed at Hamburger and Hamilton stages 17–18 (HH17–
HH18; Hamburger and Hamilton, 1951), just before the onset
of commissural axon growth. Because a mixture of small inter-
fering RNA (siRNAs) can produce more penetrant phenotypes
(Parsons et al., 2009), we first coelectroporated a mixture of
three plasmids encoding effective miRNAs against GPC1
(mi4GPC1, mi6GPC1, and mi7GPC1; Table S1; Figure S2) or,
as controls, the same amount of plasmids expressing miRNA
against Luciferase (mi1Luc or mi2Luc; Table S1). DiI tracing of
dorsal commissural axons in the spinal cord revealed that
GPC1 knockdown caused pathfinding errors of commissural
axons at themidline (Figures 1D–1G). Some axons failed to enter
the floorplate and stopped at the floorplate entry site in the
absence of GPC1, while those that did enter often stalled within
the floorplate. The axons that managed to cross to the contralat-
eral side often failed to turn into the longitudinal axis and
occasionally even turned posteriorly instead of anteriorly. Most
importantly, in contrast to correctly navigating axons, the growth
cones of axons that failed to turn correctly were not biased
toward the rostral direction at the floorplate exit site. The pheno-
type observed in embryos deficient in GPC1 was highly reminis-
cent of the postcrossing commissural axon phenotype seen in
the absence of Shh (Bourikas et al., 2005). Only 17.9% of DiI
injection sites were normal in embryos lacking GPC1, compared
to 64.9% in control embryos electroporated with mi2Luc. The
abnormal phenotypeswere qualitatively similar whenwe electro-
porated a single plasmid encodingmi7GPC1, the most effective
of eight miRNAs that were tested (Figures 1H and S2B).
To test the specificity of gene silencing elicited by ourmiRNAs,
we confirmed that the expression of nontargeted GPC family
members was unchanged (Figures S2C–S2E), and we per-
formed rescue experiments using a modified, full-length GPC1
construct that was resistant to knockdown by mi7GPC1
(GPC1DmiR; Figures 1I and S3). When GPC1DmiR was coe-
lectroporated with mi7GPC1 (Figure 1J), the resulting axon
guidance phenotypes were indistinguishable from controls,
demonstrating that expression of GPC1DmiR could completely
rescue the effects of knocking down endogenous GPC1 with
mi7GPC1 (Figures 1K–1M).
Because GPCs have been shown to regulate the signaling
activity of several growth factors via their heparan sulfate (HS)
chains (Bonneh-Barkay et al., 1997), we investigated whether
glycanation is required for the axon guidance effect of GPC1.
Although expression of GPC1DmiRDGAG, a mutated GPC1
that cannot be glycanated (Zhang et al., 2007) (Figure S4A),
significantly rescued the axon guidance defects resulting from
GPC1 silencing, the rescue effect was lower than that obtained
by expression of GPC1DmiR (Figure 1M). Thus, optimal activity
of GPC1 in axon guidance requires the HS chains, but the
GPC1 core protein alone also displays some activity.
GPC1 Is Required in dI1 Neurons
Because GPC1 was expressed in the floorplate, the source of
Shh, and in the Shh-responsive dI1 neurons (Figures 1A and1B), we next knocked down its expression in a cell-type-specific
manner in order to determine its functional relevance in each cell
type (Figure 2). To achieve this, we recently developed a novel in
ovo RNA interference (RNAi) approach (Wilson and Stoeckli,
2011). Precise spatiotemporal control of gene knockdown is
achieved by the electroporation of plasmids in which an RNA
polymerase II promoter/enhancer drives the expression of a sin-
gle transcript encoding both a fluorescent protein and one or two
artificial miRNAs against the gene of interest (Figure S2A). The
use of different promoters enables gene knockdown in a cell-
type-specific manner, and the transfected cells can be accu-
rately traced by the expression of the fluorescent reporter.
Floorplate-specific knockdown was achieved by using
enhancer element III of the mouse Hoxa1 gene to drive expres-
sion of EGFP and miGPC1 or miLuc (Wilson and Stoeckli, 2011;
Figures 2A and 2A0). In contrast to unilateral knockdown, we
found that floorplate-specific knockdown of GPC1 had no signif-
icant effect on commissural axon guidance (Figures 2B–2D).
To test the activity of GPC1 in commissural neurons, we used
a dI1-specific enhancer of mouse Atonal homolog 1 (Math1) to
drive expression of miGPC1 or miLuc, and membrane-localized
EGFP to visualize transfected axons (Wilson and Stoeckli, 2011;
Figures 2E and 2E0). Knockdown of GPC1 specifically in dI1 neu-
rons caused similar defects to those observed following unilat-
eral knockdown (Figure 2F). Fewer than 36% of DiI injection sites
were normal following the dI1-specific loss of GPC1, compared
with 61% in the control mi1Luc-expressing group (Figures 2G
and 2H). Thus, axonally expressed GPC1 is required for correct
guidance of commissural axons.
GPC1 and Shh Interact Genetically and Physically
We hypothesized that axonally expressed GPC1 might mediate
the guidance response to floorplate-derived Shh. To test this
idea, we used a combination of miRNAs to demonstrate a
genetic interaction between Shh and GPC1. We reasoned that
if GPC1 is required for correct signaling by Shh in axon guidance,
then partial knockdown of GPC1 would enhance weak pheno-
types generated by partial knockdown of Shh. This approach
mimics double heterozygote studies in Drosophila, where
genetic interactions suggest that molecules function in a com-
mon signaling pathway (for example, Kidd et al., 1998; Yang
et al., 2009). Similar approaches using morpholinos in Xenopus
and zebrafish embryos have also been reported (for example,
Wilson and Key, 2006; Kee et al., 2008; Rikin et al., 2010).
An effective artificial miRNA against Shh has been described
(miShh; Das et al., 2006), and we have shown that, as expected,
it induces both pre- and postcrossing axon guidance errors
when expressed in the floorplate at HH17 or earlier (Wilson
and Stoeckli, 2011). Here, we coelectroporated Math1-EGFPF-
mi7GPC1 and Hox-EBFP2-miShh constructs at low concentra-
tions to reduce GPC1 in dI1 neurons and Shh in the floorplate
(Figures 3A and 3A0). Under these conditions, the single knock-
down of each gene did not significantly affect axon guidance
compared to control embryos expressing only mi1Luc. How-
ever, the concomitant knockdown of axonally expressed GPC1
and floorplate-derived Shh led to increased defects in the guid-
ance of postcrossing axons (Figures 3B–3F; Table S2). Interest-
ingly, we did not see any increase in ipsilateral errors (Table S2),Neuron 79, 478–491, August 7, 2013 ª2013 Elsevier Inc. 479
Figure 1. Loss of GPC1 Causes Axon Guidance Defects at the Neural Tube Midline
(A) In situ hybridization for GPC1 localizes expression to the floorplate (arrowhead), motor neurons (circles), dorsal root ganglia (asterisks), and commissural
neurons (arrow) at the stages indicated. For hybridization with the sense probe, see Figure S1. Dorsal is up.
(B) Dissociated commissural neurons obtained from HH25–HH26 chicken embryos were immunolabeled for Cntn2 and GPC1. GPC1 decorated the cell bodies
(*), axons, and growth cones (arrowheads) of the neurons identified by Cntn2.
(C) Schematic of the miRNA construct used for unilateral knockdown (C0) of GPC1.
(D) In control embryos, dI1 axons crossed the floorplate (fp) and turned rostrally along the contralateral floorplate border (yellow arrowheads). R, rostral; C, caudal.
(E–G) Pathfinding errors observed after downregulation of GPC1 were stalling in the floorplate (arrows in E), postcrossing errors consisting of axons failing to turn
(asterisks in E–G) or axons turning caudally (open arrows in F, G), and occasional ipsilateral errors that mainly included axons stalling at the floorplate entry site
(arrowheads) or in very rare cases axons extending along the ipsilateral floorplate border.
(legend continued on next page)
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Shh in precrossing axons. This finding is in line with results from a
separate series of experiments in which we interfered with GPC1
expression at earlier stages (HH12–HH14; at least 15 hr before
the commissural neurons begin to project axons) and saw no
additional effects on precrossing axons (Table S3). In particular,
we did not find axons that failed to reach the floorplate, as would
be expected if GPC1 and Shh would cooperate in the attraction
of precrossing axons. Taken together, our results suggest that
GPC1 and Shh collaborate specifically during postcrossing
commissural axon guidance.
To strengthen this interpretation, we also performed experi-
ments in which we knocked down Shh together with Contactin2
(Cntn2), a gene that acts in a different pathway to regulate
midline crossing. We have previously shown that axonally ex-
pressed Cntn2 interacts with midline-derived NrCAM to make
axons enter the floorplate (Stoeckli and Landmesser, 1995;
Wilson and Stoeckli, 2011). In postcrossing axons, Cntn2 inter-
acts with NgCAM to regulate axon fasciculation (Stoeckli and
Landmesser, 1995). In our combinatorial knockdown experi-
ments, the simultaneous knockdown of genes involved in
parallel pathways should not cause a significant aggravation of
the single gene manipulations. In line with this reasoning, we
saw no exacerbation of either precrossing or postcrossing
axon guidance phenotypes after combinatorial knockdown of
Shh and Cntn2 (Figure 3F; Table S2). These findings strongly
support our conclusion that GPC1 and Shh act in the same
molecular pathway to regulate postcrossing commissural axon
guidance.
Next, we confirmed that GPC1 can directly bind Shh by per-
forming coimmunoprecipitations. When cell lysates prepared
from HEK293T cells cotransfected with FLAG-tagged Shh and
HA-tagged GPC1 constructs were incubated with anti-FLAG
M2 affinity gel, GPC1 was coprecipitated (Figure 3G). These
results indicated that GPC1 is capable of binding Shh.
GPC1 Regulates Dorsal Hhip Expression
Based on previous studies in flies and vertebrates, GPC1 and
Shh could cooperate in two different (but not necessarily exclu-
sive) manners to mediate postcrossing commissural axon guid-
ance: (1) GPC1 could directly promote or inhibit Shh’s interaction
with its axon guidance receptors (Beckett et al., 2008; Capurro
et al., 2008; Williams et al., 2010), and/or (2) the presence of
GPC1 within a receptor complex could regulate Gli-dependent
transcription and subsequent gene expression in response to
Shh (Chan et al., 2009), which in turn would specify the expres-
sion of guidance receptors on commissural axons. Here, we
investigated the latter.
Gene transcription has been demonstrated to regulate
discrete steps in postcommissural axon guidance (Condron,(H) Quantification of guidance defects. n = number of DiI injection sites. *p < 0.0
(I) GPCDmiR, a knockdown-resistant form of GPC1, was obtained by the excha
indicate regions important for miRNA targeting and cleavage.
(J–L) Constructs coelectroporated in the rescue experiments (J). In contrast to th
(L and L0).
(M) Quantification of rescue experiments. *p < 0.05; ***p < 0.0001; ns, not signific
represents 25 mm.
See also Figures S1, S2, S3, S4, and S6 and Table S1.2002), and Shh has been speculated to be an appropriate floor-
plate-derived signal that could induce such an activity (Sa´n-
chez-Camacho and Bovolenta, 2009). However, so far evidence
for such a mechanism has been elusive. Our previous studies
identified Hhip as a mediator of the repulsive guidance
response to Shh (Bourikas et al., 2005). Hhip messenger RNA
(mRNA) is detectable transiently in dI1 neurons at the time
when postcrossing axons turn into the longitudinal axis (Fig-
ure S5; Bourikas et al., 2005). Interestingly, Hhip is a transcrip-
tional target of Shh (Chuang and McMahon, 1999; Buttitta et al.,
2003), suggesting that commissural neurons might begin to
upregulate Hhip as they encounter high levels of Shh in the
floorplate. Thus, we hypothesized that transcriptional activity
in response to Shh, in a GPC1-dependent manner, could modu-
late the responsiveness of the commissural growth cone at this
intermediate target.
To investigate this idea, we analyzed Hhip mRNA expres-
sion patterns in the spinal cord following GPC1 knockdown.
Strikingly, we found that embryos electroporated with bact-
hrGFPII-mi7GPC1 (Figure 4A) or bact-hrGFPII-mi4GPC1 (data
not shown) displayed a specific loss of Hhip expression in
the dorsal spinal cord on the electroporated side. In contrast,
ventromedial Hhip expression was unaffected by the loss of
GPC1, demonstrating a cell-type-specific requirement for
GPC1 in Hhip induction. Electroporation of a control plasmid,
bact-hrGFPII-mi2Luc, did not affectHhip expression (Figure 4B).
Rescue experiments, as described above, revealed that dorsal
expression of Hhip could be restored by the expression of
GPC1DmiR (Figures 4C–4F).
We quantified these effects using two methods. First, we
calculated the percentage of sections in each condition display-
ing ‘‘symmetrical’’ versus ‘‘asymmetrical’’ Hhip levels in the
dorsal spinal cord (Figures 4C–4F, percent values indicate the
number of sections with symmetrical expression). Alternatively,
we digitally analyzed pixel intensity in the dorsal and medial spi-
nal cord and calculated the ratios of pixels on the electroporated
side versus the untreated side (PIelect:PIcontrol) for the dorsal and
medial areas (Figure 4G). Both methods indicated that Hhip
expression was significantly reduced in the dorsal spinal cord
following knockdown of GPC1 and that this effect could be
rescued by expressing GPC1DmiR. GPC1DmiRDGAG elicited
a partial rescue of Hhip expression (Figures 4F and 4G), consis-
tent with its ability to partially rescue the axon guidance defects
arising from GPC1 knockdown (Figure 1M).
We next determined whether the postcrossing axon guidance
effects of GPC1 could be attributable to its ability to induce Hhip
expression. We coelectroporated bact-EBFP2-mi7GPC1 with
pMES-Hhip and found that indeed this treatment significantly
rescued the axon guidance effects of GPC1 knockdown (Figures
4H and 4I; compare to Figures 1K–1M). Thus, GPC1 was5; ***p < 0.0001; Fisher’s exact test.
nge of five nucleotides (red) in the target site of mi7GPC1 (underlined). Boxes
e knockdown condition (K and K0), most axons projected normally after rescue
ant; Fisher’s exact test. Scale bars represent 50 mm, except (F), where the bar
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Figure 2. Cell-Type-Specific Knockdown of GPC1 Demonstrates Its Requirement in dI1 Axons
(A) Schematic of the bilaterally electroporated miR construct to drive floorplate-specific knockdown (A0). Hoxa1, enhancer element III of mouse Hoxa1; TATA,
minimal TATA box promoter.
(B and C) Downregulation of GPC1 in the floorplate with Hox-EGFP-mi7GPC1 did not change axon projections (yellow arrowheads) in comparison to electro-
poration with Hox-EGFP-mi1Luc (C) or untreated embryos.
(D) Quantification after floorplate-specific knockdown of GPC1. ns, not significant; Fisher’s exact test.
(E) Schematic of the dI1 neuron-specific (E0) knockdown construct. Math1, enhancer of mouse Math1; bglob, basal b-globin promoter; F, farnesylation signal.
(F) Examples of pathfinding errors after downregulation of GPC1 specifically in dI1 neurons by electroporation of Math1-EGFPF-mi7GPC1: floorplate stalling
(arrows), and postcrossing errors (no turning, asterisks; caudal turning, open arrows). Themajority of aberrant axons expressedmi7GPC1 (axons appear yellow in
merged images on right).
(legend continued on next page)
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which in turn mediated the guidance response of postcrossing
axons along the longitudinal axis.
To determine whether GPC1 was required cell autonomously
to induceHhip expression in dI1 neurons, we examined embryos
electroporated with Math1-EGFPF-mi7GPC1 (Figure 4J). In
these embryos, Hhip was again reduced or absent in the dorsal
spinal cord on the electroporated side (average PIelect:PIcontrol =
0.56 ± 0.10 SEM), whereas electroporation of the controlMath1-
EGFPF-mi1Luc construct had no effect (average PIelect:PIcontrol =
0.99 ± 0.09 SEM). This result was consistent with the neuron-
specific requirement for GPC1 in commissural axon guidance
(Figure 2).
We ruled out the possibility that the GPC1-dependent loss of
Hhip expression was a result of gross patterning defects of the
spinal cord, as the expression of markers, such as Pax3 and
Islet1, were unchanged (Figure S6). Similarly, we observed no
difference in the expression of Cntn2 (which is normally found
in dI1 neurons) between the control and electroporated sides
(Figure S6C), showing that the loss ofHhip expression in the dor-
sal spinal cord was a direct and specific consequence of GPC1
knockdown.
Shh Induces Hhip via GPC1 in dI1 Neurons
Taken together, these experiments demonstrated that the induc-
tion of Hhip expression in commissural neurons was dependent
on GPC1. Next, we confirmed that Hhip induction occurred
downstream of canonical Shh signaling. The highly dynamic
expression pattern of Hhip in the dorsal spinal cord (Figure S5)
prevented accurate comparisons of Hhip levels between
embryos; hence, we used the nonelectroporated side of the
spinal cord as an internal control. Because Shh is diffusible,
the unilateral knockdown of Shh would not restrict its effect to
the electroporated side. In other words, effective perturbation
of Shh expression at the ventral midline would require bilateral
electroporation of miShh, thus eliminating our internal control.
To overcome this problem, we instead electroporated con-
structs encoding components of the canonical Shh pathway
and assessed Hhip levels afterward. When constructs encoding
Smo-M2 (a constitutively active Smo; Hynes et al., 2000), Gli1, or
Gli2 were electroporated,Hhip expression was expanded ectop-
ically (Figure 5A). Conversely, unilateral repression of canonical
Shh signaling by PtcDloop2 (a Hedgehog-insensitive dominant
repressor of Smo; Briscoe et al., 2001) caused a specific loss
of dorsal Hhip expression (Figure 5B). This effect was identical
to that observed following the loss of GPC1 but occurred with
even higher penetrance and severity (compare percent values
in Figure 5B to Figure 4D; compare Figure 5E to Figure 4G).
Thus, as predicted, Hhip induction in the dorsal spinal cord
was dependent on Shh transcriptional activity. In line with our
hypothesis, which predicted that GPC1 was acting downstream
of Shh to induce Hhip in commissural neurons, repression of the(G) Electroporation of a control construct specifically in dI1 neurons (Math1-EGF
(H) Quantification of axon trajectories after silencing GPC1 in commissural neuro
sites. Scale bar represents 50 mm.
See also Figures S2 and S3.canonical Shh pathway phenocopied the effects of GPC1
silencing.
To establish a more direct link between Shh and GPC1 inHhip
induction, we next tested the ability of a Shh-insensitive GPC1
mutant (GPC1DmiRDGAGDShh) to rescue dorsal Hhip expres-
sion following knockdown of endogenous GPC1. The GPC1
mutant was resistant to knockdown, lacked the GAG attachment
sites, and was unable to activate Shh signaling due to ablation of
ten critical amino acids (Kim et al., 2011). Unlike GPC1DmiR and
GPC1DmiRDGAG, this construct was incapable of binding Shh
in coimmunoprecipitation assays (Figure 5C). Consistent with a
requirement for Shh-GPC1 interaction in the induction of dorsal
Hhip, we found that GPC1DmiRDGAGDShh was completely
unable to rescueHhip expression (Figure 5D; compare Figure 5E
to Figure 4G). Furthermore, GPC1DmiRDGAGDShh was inca-
pable of rescuing the axon guidance defects induced by GPC1
knockdown (Figure 6). Taken together, these results demon-
strate a functional link between the GPC1/Shh-mediated induc-
tion of Hhip expression and commissural axon guidance.
To test whether GPC1 was simply required as a general
enhancer of Shh-mediated transcription, we assessed the
expression of other known Shh target genes after GPC1 knock-
down (Figure 7) (Goodrich et al., 1996; Oliver et al., 2003; Tenzen
et al., 2006; Domanitskaya et al., 2010). Neither Patched1 (Ptc1)
nor Boc were affected by GPC1 silencing. Furthermore, there
were no effects on the Wnt antagonist (and Shh transcriptional
target) Secreted frizzled-related protein1 (Sfrp1) or on the Wnt
receptor Frizzled3 (Fzd3), both of which have been implicated
in postcrossing axon guidance (Lyuksyutova et al., 2003; Doma-
nitskaya et al., 2010). Importantly, these results suggested that
the longitudinal guidance defects elicited by the loss of GPC1
were not due to perturbation of the chemoattractive Wnt-Fzd3
pathway (at least not at the transcriptional level). The lack of
dependence on GPC1 for transcription of Boc, Ptc1, and Sfrp1
suggested that GPC1 is required specifically for the regulation
of Hhip expression in dI1 neurons, rather than as a general
component of Shh-mediated transcriptional activation. This
conclusion is supported by our observation thatHhip expression
was only lost in the dorsal subpopulation of cells following GPC1
knockdown (Figures 4A and 4G).
Finally, to demonstrate that GPC1 can influence the canonical
Shh pathway during neural tube development, we examined the
expression of several Shh target genes following GPC1 overex-
pression. Ptc1, Sfrp1, and Hhip were all expressed ectopically
after electroporation of pMES-GPC1 (Figures 7C and 7D), an
effect that was never observed following electroporation of a
control (pMES-empty) plasmid. Thus, GPC1 is an enhancer of
canonical Shh signaling in vivo.
Taken together, our results demonstrate that GPC1 has a spe-
cific function in regulating Hhip expression in commissural neu-
rons, thereby eliciting a Shh-dependent change in axonal
responsiveness to Shh at the midline choice point.PF-mi1Luc) did not interfere with normal trajectories (yellow arrowheads).
ns. *p < 0.05, **p < 0.001, ***p < 0.0001, Fisher’s exact test; n = number of DiI
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Figure 3. GPC1 and Shh Interact in Commissural Axon Guidance
(A) Schematics of the miR constructs coelectroporated to drive simultaneous knockdown of distinct genes in dI1 neurons and floorplate. (A0) Representative
spinal cord cross-section, with EBFP2 (blue) in the floorplate and EGFP (green) in commissural axons.
(B–E) Examples of axon pathfinding phenotypes in open-book preparations. Control embryos coexpressing the control construct mi1Luc in both floorplate and
commissural neurons displayed normal pathfinding (B), as did embryos treated with low concentrations of miGPC1 (C) or miShh (D) (yellow arrowheads in B–D).
However, the coelectroporation of these low amounts of miRNAs, targeting GPC1 in axons and Shh in the floorplate (E), prevented many postcrossing
commissural axons from turning into the longitudinal axis (asterisks). Scale bar represents 50 mm.
(F) Quantification of combinatorial knockdowns. *p < 0.05, Fisher’s exact test. See also Table S2.
(G) GPC1 and Shh also interact biochemically as shown by coimmunoprecipitation. HEK293T cells were transfected withGPC1-HA and/or Shh-FLAG expression
vectors as indicated, and cell lysates were analyzed by western blotting with the antibodies indicated on the right. Upper panels show GPC1 and Shh in the cell
lysates used for coimmunoprecipitation. GPC1 was detected as a major band at 70 kDa. Shh was detected as a full-length 45 kDa protein and as a cleaved
N-terminal (secreted) fragment of 20 kDa. The lower panel shows bands obtained with the anti-GPC1 antibody after immunoprecipitation with anti-FLAG
antibodies, indicating that GPC1 and Shh coprecipitated.
See also Tables S1, S2, and S3.
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Figure 4. GPC1 Is Required Cell Autonomously for Hhip mRNA Expression in dI1 Neurons
(A) Hhip mRNA expression in the dorsal spinal cord was lost (arrows) on the electroporated side (GFP, insets) after unilaterally knocking down GPC1 with
mi7GPC1. Knockdown of GPC1 did not affect Hhip expression in the medial spinal cord (boxed area).
(B) Expression of mi2Luc had no effect on Hhip expression.
(C–F) Rescue experiments, as shown in Figure 1, restoredHhip expression (arrowheads in E). In untreated control embryos (C) symmetricalHhip expression in the
dorsal spinal cord was seen in 86% of all sections. After downregulation of GPC1, symmetrical Hhip expression was seen in only 37% of the sections (D). Dorsal
Hhip expression was restored by coelectroporation of a knockdown-resistant version of GPC1 (GPC1DmiR; E). Rescue with an unglycanated form of GPC1,
GPC1DmiRDGAG, only partially restored Hhip expression (open arrows in F).
(G) Quantification of the effects of GPC1 knockdown and rescue experiments onHhip expression in the dorsal andmedial spinal cord based on pixel intensity (PI)
ratios (see text for details). Data are presented as mean ± SEM. Average PIelect:PIcontrol in the medial spinal cord was always close to one, indicating symmetrical
staining, whereas dorsalHhip expression was variable. To assess the ‘‘symmetry’’ ofHhip expression in each treatment, the dorsal ratios were first subjected to a
single sample t test against a hypothetical mean of one (shown in green). To assess the ability of the different rescue treatments to restore symmetry, the dorsal
ratios were subjected to two-sample t tests between the groups (shown in black). *p < 0.05; ***p < 0.0001; ns, not significant.
(H) Quantification of axon guidance phenotypes in Hhip rescue experiments, where Hhip was expressed ectopically in embryos lacking GPC1. *p < 0.05, Fisher’s
exact test. Compare to Figure 1M.
(I) Example of normal axon projections (yellow arrowheads) in an embryo coelectroporated with pMES-Hhip and bactin-EBFP2-mi7GPC1.
(J) Loss ofHhipmRNA expression in the dorsal spinal cord (arrows) after dI1-specific knockdown of GPC1. Scale bar represents 50 mm.%, proportion of sections
displaying symmetrical Hhip expression in the dorsal spinal cord.
See also Figures S3, S4, S5, and S6.
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In addition to identifying GPC1 as a regulator of commissural
axon guidance, our study establishes the existence of another
important Shh signaling pathway in commissural neurons: the
GPC1-dependent activation of transcription, which in turn mod-
ifies the growth cone’s sensitivity to floorplate-derived cues. Our
findings not only highlight the remarkable multifunctionality ofShh during neural development but also delineate a molecular
mechanism by which navigating axons can switch their re-
sponses to intermediate targets.
Shh PlaysMultiple Roles in Commissural AxonGuidance
Together with previous reports, our results provide a complex
and highly dynamic picture of Shh signaling in commissural
axon guidance (Figure 8). First, Shh collaborates with Netrin-1Neuron 79, 478–491, August 7, 2013 ª2013 Elsevier Inc. 485
Figure 5. The Canonical Shh Pathway Is Activated Downstream of
GPC1 to Induce Hhip in Commissural Neurons
(A) Analysis of Hhip expression following stimulation of the canonical Shh
signaling pathway by electroporation ofGli1,Gli2, or Smo-M2 constructs (right
side, indicated by GFP in insets). Note that misexpression of Gli1 and Gli2
caused additional gross developmental abnormalities.
(B) Hhip expression is lost specifically in the dorsal spinal cord (arrows)
following electroporation of a construct encoding PtcDloop2 (right side), a
dominant repressor of Smo that is unable to bind Shh. Symmetrical Hhip
expression in the dorsal spinal cord was only found in 7% of the sections.
(C) Coimmunoprecipitations of mutant forms of GPC1 and Shh. HEK293T cells
were transfected with myc-tagged GPC1 constructs and/or Shh-FLAG
expression vectors as indicated, and cell lysates were analyzed by western
blotting with the antibodies indicated on the right. Lower panel shows bands
obtained with the anti-GPC1 antibody when immunoprecipitation (IP) was
carried out with anti-FLAG gel, indicating that GPC1 and GPC1DGAG
coprecipitated with Shh, but GPC1DGAGDShh did not. GAPDHwas used as a
loading control.
(D) Hhip expression could not be rescued with GPC1DmiRDGAGDShh, a
GPC1 form unable to bind Shh (arrows). Only 24% of all sections exhibited
symmetrical Hhip expression in the dorsal spinal cord. Compare to Figures
4C–4F.
(E) Quantification of the effects of PtcDloop2 expression and GPC1DmiRD
GAGDShh rescue experiments on Hhip expression in the dorsal and medial
spinal cord. Data are presented as mean ± SEM. To assess the ‘‘symmetry’’ of
Hhip expression in each treatment, the dorsal pixel intensity (PI) ratios were
first subjected to a single sample t test against a hypothetical mean of one
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486 Neuron 79, 478–491, August 7, 2013 ª2013 Elsevier Inc.to attract axons toward the floorplate, in a Boc-dependent
manner (Charron et al., 2003; Okada et al., 2006). However,
Shh not only signals via a rapid, noncanonical pathway to elicit
growth cone attraction (Yam et al., 2009) but simultaneously
activates a slower transcriptional pathway which triggers the
upregulation of Shh-induced genes in the neurons, including
(but perhaps not limited to) Hhip. Additionally, Shh modulates
cyclic AMP (cAMP) levels in commissural growth cones to confer
sensitivity to repulsive Semaphorins at the midline (Parra and
Zou, 2010). Shh then acts directly as a repulsive guidance cue
to guide postcrossing axons anteriorly, in a Hhip-dependent
manner (Bourikas et al., 2005). Finally, Shh also shapes a chemo-
attractive Wnt activity gradient, by inducing the graded expres-
sion of the Wnt antagonist Sfrp1 along the anteroposterior axis
of the spinal cord (Domanitskaya et al., 2010).
Canonical Shh Signaling Is Required for Commissural
Axon Guidance
Our study shows that Shh not only guides precrossing axons
directly by binding to its receptors on the growth cone (Okada
et al., 2006; Yam et al., 2009) but simultaneously activates the
transcription of its own receptor, which is required for a sub-
sequent stage of axon guidance. How could the canonical
and noncanonical Shh pathways operate in parallel in pre-
crossing neurons? One intriguing possibility is that Smo
(which functions in both pathways) is responsible for eliciting
the distinct outputs. A recent study suggests that the intracel-
lular trafficking of Smo to distinct subcellular compartments is
responsible for generating either a chemotactic or transcrip-
tional response (Bijlsma et al., 2012). Smo on the primary
cilium appears to relay the Shh signal to Gli proteins, resulting
in transcriptional activation. In contrast, Smo located outside
the primary cilium controls chemotactic responses to Shh.
Based on the lack of mRNA expression in mature commis-
sural neurons at the appropriate stage of development (after
HH23), we previously concluded that Ptc and Smo were not
directly required to mediate the repulsive axon guidance
response to Shh in postcrossing axons (Bourikas et al.,
2005). Our current results reveal that these genes are in fact
required indirectly for this response, because their earlier ac-
tivity in commissural axons at the midline is necessary to acti-
vate transcription of Hhip.
Our results are consistent with a recent study indicating that
interactions between Shh and proteoglycans are necessary
to regulate distinct aspects of Gli-dependent transcription and
gene expression (Chan et al., 2009). Of note is that GPC1 was
not required in all cell types as a general enhancer of Shh tran-
scription, because the loss of GPC1 did not affect Boc, Ptc1,
or Sfrp1 levels or even Hhip expression in the medial domains
(Figures 4 and 7). Rather, dI1 neurons specifically required
GPC1 to mediate a transcriptional response to Shh.(shown in green). To assess the ability of the GPC1DmiRDGAGDShh to restore
symmetry following GPC1 knockdown, the dorsal ratios were subjected to
two-sample t tests between the relevant groups (shown in black). ***p <
0.0001; ns, not significant. Scale bar represents 50 mm.
See also Figures S4, S5, and S6.
Figure 6. Expression of GPC1DmiRDGAGDShh Cannot Rescue the Axon Guidance Defects Induced by Loss of GPC1
(A–E) Rescue experiments were carried out as in Figure 1. Embryos in the different groups (control, knockdown, or DShh rescue) were coelectroporated with
bactin-EBFP2-miR (containing mi2Luc or mi7GPC1; blue) and pMES constructs (with or without GPC1DmiRDGAGDShh; green), as indicated in (A).
(A) Quantification of rescue experiments. *p < 0.05; ***p < 0.0001; ns, not significant; Fisher’s exact test. Compare to Figures 1M and 4H.
(B and B’) Normal axonal projections at a DiI-injection site of a control embryo: axons cross the floorplate (indicated by dashed lines), then turn, and extend
rostrally (yellow arrowheads).
(C and C0) Example of abnormal axonal projections following GPC1 knockdown: axons fail to turn into the longitudinal axis (asterisks) after crossing the floorplate.
See also Figures 1K and 1K’.
(D–E0) Examples of abnormal axon projections following the attempted rescue of the GPC1 knockdown phenotype with GPC1DmiRDGAGDShh, amutant form of
GPC1 that is incapable of binding Shh: commissural axons stall in the floorplate (arrows) and/or fail to turn into the longitudinal axis after crossing the floorplate
(asterisks). Scale bar represents 50 mm.
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Responsiveness
In chick, the postcrossing repulsive axon guidance response to
Shh relies on the expression of Hhip, and our study has identified
the molecular pathway that regulates Hhip expression in
commissural neurons. How is the attractive, Boc-mediated
effect of Shh deactivated in postcrossing axons? There are
several possibilities. The transient Boc expression in commis-
sural neuron precursors may not result in persistent Boc protein
levels on axons at the intermediate target (Okada et al., 2006), or
Hhip expressionmay interfere with the attractive responsemedi-
ated by Boc. Consistent with the latter idea, alkaline phospha-
tase-tagged Shh binds with higher affinity to Hhip compared to
Boc (Chuang and McMahon, 1999; Okada et al., 2006). Hence,
the upregulation of Hhip in axons at the midline could sequester
Shh away from Boc, thus favoring the activation of a repulsive
Hhip-containing receptor complex. Furthermore, we do not
exclude the possibility that GPC1 itself could directly promotepostcrossing axon guidance by enhancing the affinity of Shh
for Hhip or promoting the formation of a Hhip-containing recep-
tor complex (Figure 8). These possibilities remain to be tested.
GPC1 does not appear to alter the expression levels of Boc (Fig-
ure 7A), consistent with the specific effect of GPC1 in mediating
postcrossing responses to Shh (Tables S2 and S3).
During the revision of this manuscript, a report by Yam et al.
(2012) suggested that in rodents, there is a cell-intrinsic switch
in the intracellular state of the commissural growth cone, medi-
ated by 14-3-3 adaptor proteins. In that model, 14-3-3 levels
change the polarity of the turning response to Shh fromattraction
to repulsion, in a time-dependent manner that does not rely on
extrinsic cues. Yam et al. (2012) also suggest that Hhip is not
required for postcrossing commissural axon guidance in mice,
because Hhip knockout mice did not display overt pathfinding
errors. Whether 14-3-3 acts in addition to Hhip to fine-tune
axon guidance responses to Shh in chick remains to be
investigated. Regardless of the mechanisms, postcrossingNeuron 79, 478–491, August 7, 2013 ª2013 Elsevier Inc. 487
Figure 7. GPC1 Promotes Canonical Shh Signaling In Vivo, but Is Not
an Obligate Cofactor in All Shh-Responsive Cells
(A and B) GPC1 was knocked down unilaterally by electroporation of bactin-
hrGFPII-mi7GPC1 (green, insets), and in situ hybridization was performed as
indicated. There were no differences in the expression of the Shh transcrip-
tional targets Boc, Ptc1, and Sfrp1 between control and electroporated sides
of the spinal cord (A). Both Ptc1 and Sfrp1 have been identified as positive
transcriptional targets of canonical Shh signaling, whereas Boc is negatively
regulated by Shh. No changes were found also for Fzd3 (B), aWnt receptor that
transduces the attractive effects of Wnt in postcrossing axons, a guidance
system that works in collaboration with Shh to drive axons rostrally.
(C) Quantification of the effects of GPC1 overexpression on Shh target genes.
n = number of sections.
(D) Sections from embryos in which GPC1 was overexpressed by electropo-
ration of pMES-GPC1 (green, insets), showing ectopic expression of Shh
target genes (arrowheads). Scale bar represents 100 mm.
See also Figure S6.
Figure 8. Model for the GPC1-Dependent Transcriptional Switch of
Axonal Response to Shh
In precrossing axons (green arrows), Src Family Kinases (SFK) mediate
attraction toward Shh in the floorplate in a transcription-independent manner
(Charron et al., 2003; Okada et al., 2006; Yam et al., 2009). In parallel, Shh
interacting with GPC1 and involving Ptc induces Hhip transcription (blue
arrows) once axons have reached the midline (this study). Thus, postcrossing
axons express Hhip, which mediates a repulsive Shh signal (red arrows) (this
study; Bourikas et al., 2005) and guides axons along the caudalhigh-rostallow
gradient of Shh in the floorplate (Bourikas et al., 2005). GPC1 could also
facilitate the assembly of a Hhip coreceptor complex.
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chick and mammals (Lyuksyutova et al., 2003; Bourikas et al.,
2005; Yam et al., 2012).
The GPC1-Dependent Transcriptional Switch
in Response to Shh Is Autoregulatory
Our study suggests that the axon guidance cue Shh regulates
the expression of its own guidance receptor for the next stage
of the axonal trajectory. In Drosophila, a switch from attraction
to repulsion at the midline via transcriptional activation was
demonstrated downstream of Frazzled/Dcc (Fra), the receptor
mediating attraction of axons toward Netrin (Yang et al., 2009).
In that study, the transcriptional change downstream of Fra
was neither Netrin-dependent nor did it affect a receptor for488 Neuron 79, 478–491, August 7, 2013 ª2013 Elsevier Inc.Netrin. Rather, Fra was shown to regulate commissureless
expression, which in turn regulates Robo-mediated Slit repul-
sion. In contrast, in our study a single ligand (Shh) orchestrates
the expression of its own receptor (Hhip) to enable the next stage
of axon pathfinding.
Shh may also affect the expression of other axon guidance
receptors. Interestingly, several axon guidance molecules are
induced by Shh in the cerebellum, including PlexinA2,
ADAMTS1, and EphB4 (Oliver et al., 2003). Shh was shown to
confer sensitivity of commissural axons to Semaphorins during
midline crossing, at least in part by its ability to reduce cAMP
levels (Parra and Zou, 2010). However, it is unknown whether
this effect is also due to an induction of the axon guidance recep-
tors for Semaphorins.
A Function for GPC1 in Mediating Commissural Axon
Guidance
In Drosophila (in which there are only two GPCs: Dally and Dally-
like [Dlp]), GPC has been implicated in axon guidance. At the
Drosophila midline, Dlp acts together with Syndecan to modu-
late Slit-Robo signaling (Johnson et al., 2004; Smart et al.,
2011), and Dlp is required for axon guidance in the fly visual
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in regulating vertebrate axon guidance has not previously been
reported. We also add GPC1 to the list of vertebrate GPC family
members that can bind to and regulate Shh (Capurro et al., 2008;
Li et al., 2011). GPC1’s regulation of Shh signaling was not
entirely dependent on the presence of its GAG side chains (Fig-
ures 1M, 4F, 4G, and 5C), which is consistent with the abilities of
the core proteins of Dlp and GPC3 to mediate specific, cell-
autonomous aspects of Shh signaling (Capurro et al., 2008;
Williams et al., 2010; Yan et al., 2010).
Based on the variety of axon guidance phenotypes that we
observed (Figures 1E–1H), GPC1 is likely to influence other
axon guidance activities in addition to those described here.
The floorplate-stalling phenotype, for instance, is suggestive of
a possible Robo/Slit modulatory effect (Long et al., 2004).
Consistent with this, GPC1 binds Slit2 with high affinity (Ronca
et al., 2001), and Slit2-Robo1 signaling strictly requires binding
to heparan sulfate (Hu, 2001). Themodulation of other axon guid-
ance pathways by GPC1 is of interest for future studies.EXPERIMENTAL PROCEDURES
See the Supplemental Experimental Procedures for additional details about
the experiments.
Cloning of Artificial miRNA Plasmids, In Ovo Electroporations,
Open-Book Preparations, and DiI Injections
A detailed video protocol is available online (http://www.jove.com/video/4384)
(Wilson and Stoeckli, 2012). In brief, miRNA plasmids were constructed as
described previously (Figure S2A; Wilson and Stoeckli, 2011) and electropo-
rated at HH17–HH18 using a BTX ECM830 square-wave electroporator (five
pulses of 25 V, 50 ms duration). Bilateral electroporation was performed using
five pulses of 18 V, 50 ms duration. The polarity of the electrodes was then
switched, and the electroporation was repeated. The resulting axon guidance
phenotypes were assessed by axonal tracing with DiI in open-book prepara-
tions at HH25–HH26.
Quantification of Axon Guidance Phenotypes
The cohorts of axons in DiI injection sites were classified as showing an ‘‘ipsi-
lateral’’ phenotype if >30%of the axons stalled at or turned longitudinally along
the ipsilateral floorplate border, as a ‘‘floorplate-stalling’’ phenotype if >50% of
axons stalled within the floorplate, or as a ‘‘postcrossing’’ phenotype if >50%
of axons failed to turn and/or if axons turned caudally on the contralateral side
of the floorplate.
GPC1 Constructs
A complementary DNA clone containing the full-length (1,653 bp) open reading
frame of chicken GPC1 was amplified by PCR (GenBank accession number
KF040585). Myc or HA tags were inserted between the signal sequence and
the first conserved cysteine residue. GPC1DmiR was generated by silent
site-directed mutagenesis of five nucleotides in themi7GPC1 target sequence
(Zheng et al., 2004). In GPC1DmiRDGAG, all three putative GAG attachment
sites (Zhang et al., 2007) were ablated by converting three critical serine resi-
dues to tyrosines. In GPC1DmiRDGAGDShh, ten additional residues (Kim
et al., 2011) were mutated to alanines using the megaprimer PCRmutagenesis
method (Barik, 2002).
In Situ Hybridization, Immunolabeling, and Expression Analysis
In situ hybridization and immunolabeling were performed as described (Mauti
et al., 2006; Wilson and Stoeckli, 2011). Staining intensities in the Hhip images
were analyzed using ImageJ software (National Institutes of Health). A
threshold was applied. Then the integrated density of pixels in the dorsal ormedial spinal cord on both the control and electroporated sides was
measured.
Statistical Analyses
Weused the VassarStatsWeb site for Statistical Computation (Vassar College;
Richard Lowry 1998–2013; http://vassarstats.net). For the analysis of open-
book phenotypes, the total number of DiI sites in each condition was pooled
and subjected to a one-tailed Fisher’s exact test and chi-square test of asso-
ciation. For graphical display, the raw phenotype counts were converted to
percentages. To assess the dorsal Hhip expression patterns, the dorsal
PIelect:PIcont ratios were first subjected to a single sample t test against a hypo-
thetical mean of one or compared between the relevant groups using two-
sample t tests.
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